Simple Summary: In the present study, three groups of piglets were treated with diquat, a bipyridyl herbicide which can utilize molecular oxygen to generate superoxide anion radicals and is widely considered as an effective chemical agent for inducing oxidative stress. The three groups were fed a 0, 0.15%, and 0.30% tryptophan (Trp) supplemented diet, and one control group without diquat treatment was used to study the protective effects of supplemented Trp on growth performance and intestinal barrier function of piglets exposed to oxidative stress. The results showed that 0.15% Trp supplementation alleviated diquat-induced impaired growth performance, intestinal barrier injury, redox imbalance, and mitochondrial dysfunction. These findings from the current study suggest that piglets under the condition of stress might need more Trp to maintain intestinal integrity and optimal growth performance, but the proper dosage of Trp supplementation is needed to determine for different conditions or models.
Introduction
The early-weaning strategy has been generally applied in pig production, because it can shorten the slaughter cycle of pigs and improve the reproduction performance of sows [1] . However, weaning per se is a stressful condition, which can cause an increased occurrence of diarrhea, thereby increasing mortality and reducing growth performance in piglets [2] . Moreover, weaning stress-induced intestinal barrier dysfunction, characterized by increased intestinal permeability, has been shown to be one of the primary causes of severe diarrhea and reduced growth performance of post-weaning piglets [3] . Tryptophan (Trp) is the second-limiting amino acid in most corn-based diets of pigs, and functionally regulates body protein synthesis and improves stress and immune responses [4, 5] . Several studies have shown that dietary supplementation with Trp enhances intestinal integrity and reduces diarrhea rate, thereby improving growth performance [6, 7] . In contrast, a previous study showed that dietary supplementation with 0.1% Trp significantly increased intestinal permeability and decreased the gene expression of tight junction proteins [8] . Interestingly, the authors from the same group, which concluded that a Trp-supplemented diet impaired the intestinal integrity of piglets, contended that a 0.15% Trp-supplemented diet increased villus height to crypt depth ratio without affecting intestinal permeability [9] . A more recent study stated that weaning piglets fed the 0.20% or 0.4% Trp-supplemented diet exhibited enhanced intestinal mucosal barrier function than those fed the basal diet [5] . Therefore, it can be concluded that a proper dosage of Trp supplemented in the diet would be favorable for the enhancement of intestinal integrity and the improvement of growth performance of nursery piglets.
Intestinal redox imbalance has been reported to contribute to weaning-induced impaired intestinal mucosal barrier and reduced growth performance in piglets [10] . Weaning stress has been shown to disrupt the free-radical metabolism and compromise the antioxidant system, thereby inducing severe oxidative stress, which is characterized by insufficient antioxidants and antioxidant enzymes in clearing an excessive generation of reactive oxygen species (ROS) [11, 12] . Several studies have shown that oxidative stress and the disruption of redox homeostasis lead to an increase in intestinal paracellular permeability by rupture of the intestinal barrier and/or by decline of the expression of tight junction proteins [13] [14] [15] . To preserve cellular integrity and function, the intestine needs a high amount energy, which is mainly provided by the intracellular organelles, mitochondria [16] . Meanwhile, the mitochondria are the major source of intracellular ROS as well as one of the important targets for the damaging effect of ROS [17] . Under the situation of oxidative stress, the antioxidant capacity of cells was not sufficient to clear the produced ROS, resulting in an excess accumulation of ROS in mitochondria [13] . The imbalance between ROS production and its clearance contributed to mitochondrial dysfunction, like abnormal biogenesis process and disruption of ATP synthesis [18] . In vivo studies demonstrated that the maintenance of intestinal barrier function is dependent on mitochondrial biogenesis and ATP production [13, 19] . Taken together, the compromised intestinal redox homeostasis and mitochondrial dysfunction may contribute to the impaired intestinal barrier function in piglets exposed to oxidative stress.
Considering the effects that the addition of Trp had on intestinal barrier function of weaning piglets, determining whether dietary supplementation with proper dosage of Trp can exert such an effect in an oxidative stress-challenged model is imperative. In addition, it would be of great interest to determine whether the benefits of Trp supplementation on intestinal barrier function is associated with improvement in the intestinal redox status and mitochondrial function. In a previous study, dietary supplementation of 0.12% Trp enhanced antioxidant capacity and increased antioxidant enzymes' activities in the liver of oxidative stress-challenged piglets [12] . Therefore, we hypothesized that dietary supplementation with proper dosage of Trp could alleviate oxidative stress-induced impaired intestinal barrier function through restoring redox homeostasis and mitochondrial function. In the present study, a well-documented model for inducing oxidative stress by injecting diquat [12, 13] was adopted to determine the protective effects of Trp supplementation on intestinal barrier function, redox status, and mitochondrial function in diquat-challenged piglets.
Materials and Methods

Ethical Statement
This experiment was conducted in accordance with the Chinese guidelines for animal welfare, and all experimental procedures were approved by the Ethics Committee of the Southwest University of Science and Technology (Mianyang, Sichuan, China) under permit number DKX-1020150040.
Animals and Treatments
A total of 32 castrated male piglets, which are Duroc × (Landrace × Yorkshire) commercial hybrid pigs, from 8 litters (4 piglets per litter) were selected from a high-sanitary-status breeder farm of New Hope Group [20] . Piglets were weaned at 18 days of age and brought to the animal experimental facilities at the Swine Research Unit of the Southwest University of Science and Technology. After 7 days of adaptation, selected piglets (25 days of age) with an average body weight (BW) of 6.62 kg were randomly allocated to one of the 4 treatment groups (n = 8 piglets per treatment): (1) the non-challenged control group (control), piglets fed a basal diet and injected with saline; (2) diquat-challenged group (diquat), piglets fed the basal diet and injected with diquat (Sigma-Aldrich, St Louis, MO, USA); (3) 0.15% Trp + diquat, piglets fed the basal diet supplemented with 0.15% Trp (Trp1 diet) and injected with diquat; (4) 0.30% Trp + diquat, piglets fed the basal diet supplemented with 0.30% Trp (Trp2 diet) and injected with diquat. Treatments were balanced for weight and litter and were set to explore the protective effects of Trp on performance and intestinal integrity of piglets under the condition of oxidative stress, and thus the groups, within which piglets were fed the Trp-supplemented diets without diquat challenge, were not included in the present study. The basal diet, of which the standard ileal digestible (SID) Trp content was 0.22, was formulated to meet or exceed National Research Council-recommended nutrient requirements for pigs weighing 7-11 kg (NRC 2012) [21] . The basal diet was supplemented with 0.153% or 0.306% of L-tryptophan (98.0% purity; Evonik Degussa (China) Co., LTD, Beijing, China) to make the Trp1 or Trp2 diet containing 0.15% or 0.30% more SID Trp than the basal diet. The supplemental levels of Trp were based on a previous study showing that 0.12% supplemental Trp could alleviate diquat-induced oxidative stress of the liver [12] . All the diets were kept isonitrogenous and isoenergetic by adjusting L-alanine and cornstarch contents, as previously described [22] . The ingredient composition and nutrient level of experimental diets are listed in Table 1 . The piglets were fed with their respective diets for a 21-d period. On day 7, the piglets in diquat, 0.15% Trp + diquat, and 0.30% Trp + diquat groups were injected intraperitoneally with diquat (dibromide monohydrate, Sigma-Aldrich, St. Louis, MO, USA) at 10 mg/kg BW while the piglets in the control group received the same volume of sterilized saline. During the whole trial, the piglets were housed individually in stainless-steel metabolic cages equipped with a nipple drinker and a feeder and were allowed ad libitum access to feed and water. The piglets had no access to antibiotics throughout the experiment.
Performance Measurement and Sample Collection
The feed intake of each piglet was recorded daily to calculate average daily feed intake (ADFI) for period d0-d7 and period d7-d21, and the BW of each piglet was measured at d0, d7, and d21 of the trial to determine the average daily weight gain (ADG) for period d0-d7 and period d7-d21. Feed to gain ratio of each piglet during each period was determined by dividing the corresponding ADFI by ADG. In this study, the addition of L-tryptophan in the basal diet was to elucidate the benefits of tryptophan supplementation on intestinal dysfunction in diquat-challenged piglets. Thus, the group with the better growth performance (0.15% Trp + diquat) between the two tryptophan-treated groups was chosen as the proper tryptophan treatment to further study the benefits of tryptophan on intestinal function. On day 21 of the trial, 8 piglets each from the control group, diquat group, and 0.15% Trp + diquat group were sampled. Blood samples of the piglets were collected from the precaval vein into tubes without anticoagulant (5 mL) after overnight feed deprivation, followed by centrifugation at 3000× g for 10 min. The supernatant (serum) was collected and stored at −20 • C until further assays. After blood sampling, piglets were anaesthetized by an intravenous injection (10 mg/kg BW) of a mixture of zolazepam and tiletamine (a lyophilized product containing 125 mg tiletamine and 125 mg zolazepam, was dissolved in 5 mL of sterilized saline to a final concentration of 50 mg/mL just before use), followed by exsanguination. Immediately post-mortem, the entire small intestine was removed and the jejunum was obtained for sample collection. A 10-cm segment from the proximal jejunum was collected for Ussing chamber studies. Another 5-cm portion of the adjacent jejunum was opened longitudinally and cleaned with ice-cold phosphate buffer saline (PBS, pH 7.4). Approximately 100 mg of fresh jejunum sample from this segment was collected and stored at 4 • C for isolation of intestinal mitochondria. Furthermore, a 20-cm segment of the jejunum from the same region was processed to harvest mucosal scrapings, which were immediately immersed in liquid nitrogen and then stored at −80 • C for further analyses. 
Serum Intestinal Permeability Biomarker Concentrations
Diamine oxidase (DAO) activity in serum was measured using spectrophotometry as previously described [23] . In brief, the reaction mixture, which contained 0.5 mL of serum sample, 3 mL of phosphate buffer (0.2 M, pH 7.2), 0.1 mL of o-dianisidine-methanol solution (0.5% of o-dianisidine in methanol), 0.1 mL of horseradish peroxidase solution (0.004%), and 0.1 mL of substrate solution (0.175% of cadaverine dihydrochloride), was incubated for 30 min at 37 • C, and the absorbance at 436 nm was measured to calculate DAO activity. The results were expressed as units per liter (U/L) of serum. The D-lactate concentration in serum was measured by adopting commercial ELISA kits (Beijing Luyuan Byrd biological technology Co., Ltd, Beijing, China) with a microplate reader, according to the manufacturer's instructions. The result of D-lactate concentration was presented as microgram per milliliter (µg/mL). All assays were performed in triplicate.
Ex Vivo Measurement of Intestinal Barrier Function
Intestinal mucosal permeability was assessed ex vivo by measuring transepithelial electrical resistance (TER) and the translocation of macromolecular markers using the Ussing chamber technique as previously described [13, 24, 25] . Fresh segments of jejunum mucosa samples were stripped from the seromuscular layers and then mounted in the EasyMount Ussing chamber system (model VCC MC6, Physiological Instruments, San Diego, CA, USA). The intestinal sheets were surrounded by 5 mL of Ringer's solution with 10 mM glucose on the serosal side and the same concentration of mannitol on the mucosal side. The system was oxygenated with 95% O 2 and 5% CO 2 airflow and water-jacketed to 37 • C. The clamps connecting to the Acquire and Analyze software (Physiologic Instruments, San Diego, CA, USA) were used for automatic data collection. After an equilibration period of 20 min, TER was recorded at a 20-min interval over 80 min. For measuring the translocation of macromolecular markers, after an equilibration period of 20 min, the 4 kDa fluorescein isothiocyanate dextran (FD4, Sigma-Aldrich, St. Louis, MO, USA) was added to the mucosal side of the mounted intestinal sheets to a final concentration of 0.8 mg/mL of FD4. Samples (50 µL) were taken from the serosal side of the mounted intestinal sheets at 20, 40, 60, and 80 min after adding the marker and then transferred into a 96-well assay plate. The FD4 fluorescence intensity of the samples, which were collected from the serosal side of tissue, were measured at an excitation wavelength of 485 nm using the Fluorescence Microplate Reader (FLx800, Bio-Tek Instruments Inc., Winooski, VT, USA). The FD4 flux over the 80-min period was calculated and presented as an apparent permeation coefficient (cm/s).
Intestinal Redox Status Measurements
Jejunal mucosa was used to measure superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT) activities, and malondialdehyde (MDA) concentration by adopting commercial SOD, GPx, CAT, and MDA assay kits following the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). Total protein content in jejunal mucosa was determined with a Pierce BCA Protein Assay Kit (Pierce Chemical, Rockford, IL, USA) according to the manufacturer's protocol. The results of SOD, GPx, and CAT activities were expressed as units per microgram of jejunal protein (U/mg prot), while the result of MDA was presented as nmol per microgram of jejunal protein (nmol/mg prot). All assays were performed in triplicate.
Isolation of Intestinal Mitochondria
The isolation of jejunal mitochondria was performed by using a commercial Tissue Mitochondrial Isolation Kit (Beyotime Institute of Biotechnology, Shanghai, China) following the manufacturer's instructions. All procedures for the isolation of mitochondria were conducted at 4 • C. The purity of isolated mitochondria was verified by checking the existence of β-actin and voltage-dependent anion-selective channel (VDAC) with Western blotting as previously described [26] . The β-actin and VDAC are marker proteins for cytosol and mitochondria, respectively. In the present study, no expression of β-actin in isolated mitochondria was detected, indicating no contamination of cytosol-derived protein in isolated mitochondria samples. The mitochondrial protein content was measured with the Pierce BCA Protein Assay Kit (Pierce Chemical, Rockford, IL, USA) according to the manufacturer's protocol.
Intestinal Mitochondrial ROS Assay
The ROS production in intestinal mitochondria was measured using a fluorescence microplate reader with dichlorohydro-fluorescein diacetate (DCFDA) as described in a previous study [8] . Briefly, isolated intestinal mitochondria (0.4 mg/mL) were stained with 2 µM DCFDA and incubated at 25 • C for 20 min. DCFDA passed through the membrane where it was oxidized in the presence of ROS to dichlorohydro-fluorescein (DCF), of which the excitation wavelength and the emission wavelength were 485 nm and 530 nm, respectively. Fluorescence was determined at λex 485 nm and λem 530 nm. Therefore, the arbitrary units of fluorescence intensity of DCF was used to indicate the ROS level in mitochondrial samples. The ROS level of all samples was expressed as fold change relative to the average ROS level of the control group.
Intestinal Mitochondrial Membrane Potential (∆Ψm) Assay
The mitochondrial membrane potential (∆Ψm) from all isolated mitochondria samples were measured using the mitochondrial membrane potential assay kit with fluorescent dye JC-1 (Beyotime Institute of Biotechnology, Shanghai, China). The interaction of JC-1 dye with mitochondrial membrane components can alter its fluorescence properties associated with the switch in monomer and aggregate. The JC-1 monomer fluorescence form, which produces a green fluorescence, is seen when the mitochondrial membrane potential is low, whereas at high mitochondrial membrane potential, the aggregate form of JC-1 dye, which produces a red fluorescence, occurs. The isolated intestinal mitochondria (0.4 mg/mL) were stained with JC-1 (500 nM) at 37 • C for 30 min. The fluorescence intensity was determined with a fluorescence microplate reader. The JC-1 monomer fluorescence form was excited at 485 nm and the emission fluorescence was detected at 530 nm, the JC-1 aggregate form was excited at 485 nm, and the emission was detected at 590 nm. Consequently, ∆Ψm was expressed by the red/green fluorescence intensity ratio. The intestinal mitochondrial membrane potential (∆Ψm) of all samples was expressed as fold change relative to the average ∆Ψm of the control group.
Determination of Jejunal Mitochondrial DNA (mtDNA) Content
Total DNA was extracted from jejunal samples using a DNAiso Reagent (Takara Bio Inc., Dalian, China). The quality control of DNA was performed as previously described [27] . The content of mtDNA relative to nuclear genomic DNA was measured by co-amplifying the mitochondrial DNA-loop (mt D-loop) and the nuclear-encoded bet β-actin (ACTB) using real-time PCR assay. The mt D-loop and ACTB, of which the primers and probes sequences are listed in Table 2 , were quantified by the fluorescent probes. Each PCR reaction consisted of 1 µL DNA template, 8 µL TaqMan Universal Master mix, 1 µl forward primer (2 µM), 1 µL reverse primer (2 µM), 1 µL enhance solution, and 7 µL Milli-Q water in a total volume of 20 µL. The thermal cycling conditions were as follows: an initial denaturation and enzyme activation step (95 • C for 10 s), then fifty cycles of denaturation/annealing/extension and data acquisition (95 • C for 5 s, 60 • C for 25 s, 72 • C for 10 s). The ratio of mtDNA to genomic DNA content was calculated as ∆Ct (mt Cq Dloop − nuclear Cq ACTB ). The relative abundance (RE) indicated the factorial difference in mtDNA content between groups. The RE was calculated as 2 −∆∆Cq method, where ∆∆Ct = ∆Cq mtDNA content in other group -∆Cq mtDNA content in the control group . 
RNA Isolation and Reverse Transcription Quantitative PCR (RT-qPCR)
Total RNA from jejunal mucosa was extracted by using Bio-Rad Aurum Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad Laboratories, Hercules, CA, USA). RNA quality control was performed before the synthesis of cDNA. The purity and concentration of isolated RNA samples were measured with the Nanodrop ND-1000 (Nanodrop Technologies, Thermo Scientific, Wilmington, DE, USA). The integrity of RNA was checked by agarose gel electrophoresis. The absence of genomic DNA contamination of RNA samples was verified by a minus-reverse transcription control PCR. After the quality control of RNA samples, 1 µg of DNA-free high-quality RNA was converted to cDNA by using the ImProm-II cDNA synthesis kit (Promega, Madison, WI, USA). The targeted genes, including tight junction proteins (zona occludens 1 (ZO1), zona occludens 2 (ZO2), occludin (OCLN), claudin 1 (CLDN1), and claudin 2 (CLDN2)), redox-sensitive genes (copper/zinc superoxide dismutase (SOD1), heme oxygenase 1 (HMOX1), glutathione peroxidase (GPX1), thioredoxin reductase (TXNRD1), nuclear respiratory factor 2 (NRF2), and kelch like ECH associated protein 1 (KEAP1)), and genes related to mitochondrial biogenesis (nuclear respiratory factor 1 (NRF1), transcription factor A, mitochondrial (TFAM), peroxisome proliferative activated receptor gamma coactivator 1 alpha (PPARGC1A), sirtuin 1 (SIRT1), single stranded DNA binding protein 1 (SSBP1), and DNA-directed RNA polymerase, mitochondrial (POLRMT)), were determined in the present study. The primers were designed with Primer3Plus based on the certain exon-exon boundaries of published gene sequences of pigs on the National Center for Biotechnology Information (NCBI) database and were listed in Table 2 . The PCR reaction was comprised of 5 µL 2× KAPA SYBR FAST qPCR Kit Master Mix, 0.5 µL forward primer (5 µM), 0.5 µL reverse primer (5 µM), 2 µL Milli-Q water, and 2 µL cDNA template. The following thermal cycling conditions were used for RT-qPCR: an initial denaturation and enzyme activation step (95 • C for 3 min), then forty cycles of denaturation/annealing and data acquisition (95 • C for 20 s, 40 s at annealing temperature depending on primer), and melt curve analysis (from 70 • C to 90 • C with 0.5 • C increments every 5 s). Five points of 4-fold serial dilutions of cDNA were included in each run to obtain the PCR efficiency by constructing a standard curve. In the present study, PCR amplification efficiencies consistently ranged from 90% to 110% and were used to convert the Cq values into raw data. TATA-binding protein (TBP), DNA topoisomerase II beta (TOP2B), and ACTB, of which the primer sequences are listed in Table 3 , were used as reference genes to normalize the raw data of RT-qPCR. The relative gene expression level was expressed as fold change relative to the average mRNA level of the gene in the control group.
Gel Electrophoresis and Western Blotting
The protein expression of ZO1, occludin, claudin1, HO1, and GPx in jejunal mucosa were further detected by Western blotting, performed as previously described [28, 29] , to confirm whether the transcriptional regulation also occurred at the translation level. Briefly, the total protein extractions from jejunal mucosa were harvested in lysis buffer (Beyotime Biotechnology, Jiangsu, China) supplemented with a complete protease inhibitor cocktail (Pierce Chemical, Rockford, IL, USA) and cleared by centrifugation at 12,000× g for 30 min at 4 • C. The protein content of each lysate was measured with a BCA Protein Assay Kit (Pierce Chemical, Rockford, IL, USA) on a plate reader. Protein lysates were separated (30 µg per lane) on 10% SDS-PAGE gel, and then proteins were transferred onto an polyvinylidine difluoride (PVDF) membrane (Millipore, Billerica, MA, USA). The membrane was washed in Tris-buffered saline containing tween (TBST) and blocked in 5% skimmed-milk solution (Beyotime Biotechnology, Jiangsu, China) at room temperature for one hour with gentle shaking. Afterwards, the blots were probed overnight at 4 • C with the respective primary antibody. Subsequently, the blots were washed with TBST and incubated with an horseradish peroxidase (HRP) conjugated secondary antibody for 1 h at room temperature. The intensity of the bands on the blots was quantified by the Image Lab statistical software (Bio-Rad Laboratories, Hercules, CA, USA). The relative expression of targeted protein was normalized using GAPDH as the internal protein and was presented as the fold change relative to the control group. 
Statistical Analysis
A piglet was considered as the experimental unit for all analyses (n = 8 per treatment), and all data were expressed as mean ± standard error. The data of growth performance were performed with an analysis of variance (ANOVA) for repeated measures and others were subjected to ANOVA using SAS 9.1 software (SAS Institute, Cary, NC, USA). The differences between treatments were evaluated using Tukey's test. Statistical significance was set at probability values <0.05.
Results
Growth Performance
Before the diquat challenge, during the first seven days of the trial, L-tryptophan supplementation had no effect on body weight, average daily weight gain, and feed to gain ratio (p > 0.05), whereas dietary supplementation with 0.15% Trp significantly increased average daily feed intake of piglets (p < 0.05). Intraperitoneal injection with diquat significantly decreased body weight on day 21, average daily weight gain from d7 to d21, average daily feed intake from d7 to d21, and feed to gain ratio from d7 to d21 for piglets fed the basal diet, as compared to non-challenged piglets (p < 0.05). There were no differences in the average daily weight gain, average daily feed intake, and feed to gain ratio during d7 to d21 between the control group and the 0.15% Trp + diquat group (p > 0.05). In addition, for diquat-challenged piglets, dietary supplementation with 0.15% Trp significantly increased body weight on day 21, average daily weight gain from d7 to d21, and average daily feed intake from d7 to d21 (p < 0.05). However, the average daily weight gain and feed to gain ratio from d7 to d21 of diquat-treated piglets were not influenced by dietary supplementation with 0.30% Trp (p > 0.05) ( Table 4 ). The performance results suggest that dietary supplementation with 0.15% Trp protected piglets from diquat challenge-induced decline of growth performance.
Intestinal Permeability
In the present study, the intestinal permeability was evaluated by jointly determining the serum biomarkers, D-lactate concentration and DAO activity, and the TER and translocation of FD4 in the jejunum. There was no significant effect of diquat challenge, nor the L-tryptophan addition on serum D-lactate concentration (p > 0.05). Compared to the non-challenged piglets, diquat-treated piglets fed the basal diet exhibited higher serum DAO activity (p < 0.05). There was no significant difference in serum DAO activity between the control group and the 0.15% Trp + diquat group (p > 0.05). The ex vivo Ussing chamber study showed that diquat-challenged piglets fed the basal diet exhibited a lower TER and a higher FD4 flux from the mucosa side to the serosa side in the jejunum compared to those in the control group (p < 0.05). In diquat-treated piglets, dietary supplementation with 0.15% Trp significantly increased TER and decreased the flux of FD4 from the mucosa side to the serosa side in the jejunum (p < 0.05). In addition, diquat-treated piglets fed the 0.15% Trp supplemented diet had similar TER and FD4 flux to the non-challenged piglets (p > 0.05) (Figure 1 ). 
mRNA Abundances and Protein Expression of Tight Junction Proteins in the Jejunum
The mRNA expression of tight junction proteins (ZO1, ZO2, OCLN, CLDN1, and CLDN2) in the jejunum can be found in Figure 2 . Compared with the non-challenged piglets, diquat-treated piglets fed the basal diet had lower mRNA abundances of ZO1, OCLN, and CLDN1 in jejunal mucosa (p < 0.05), whereas diquat-challenged piglets fed the diet supplemented with 0.15% Trp had similar levels of mRNA expression of tight junction proteins (p > 0.05). Dietary supplementation with 0.15% Trp significantly upregulated gene expression of ZO1, OCLN, and CLDN1 in the jejunum of diquat-treated piglets (p < 0.05). To check whether the effects that dietary Trp supplementation had on mRNA levels of tight junction proteins also occurred at the translation level, the protein expression of ZO1, occludin, and claudin1 were measured, and the related results can be found in Figure 3 . Exposure of piglets fed the basal diet to diquat significantly decreased protein expression of ZO1 and occludin in the jejunum, as compared to the non-challenged piglets (p < 0.05). There were no significant differences in protein levels of ZO1 and occludin in the jejunum between the non-challenged piglets and the diquat-treated piglets fed the 0.15% Trp-supplemented diet (p > 0.05). In diquat-challenged piglets, dietary supplementation with 0.15% Trp significantly upregulated protein expression of ZO1 and occludin in the jejunum (p < 0.05). No significant differences for other parameters were found. 
Antioxidant Enzymes Activities and MDA Content in the Jejunum
Injection of diquat significantly decreased SOD, GPx, and CAT activities in jejunal mucosa of piglets fed the basal diets compared to non-challenged piglets (p < 0.05). Additionally, diquat-treated piglets fed the basal diet had a higher concentration of MDA in jejunal mucosa than piglets in the control group (p < 0.05). However, there were no differences in SOD and CAT activities and MDA in jejunal mucosa between piglets in the 0.15% Trp + diquat group and those in the control group (p > 0.05). The GPx activity in jejunal mucosa of piglets in the 0.15% Trp + diquat group was significantly lower than that of piglets in the control group (p < 0.05). In diquat-treated piglets, those fed the diet supplemented with 0.15% Trp exhibited increased SOD, GPx, and CAT activities and lower MDA concentration in jejunal mucosa than those fed the basal diet (p < 0.05) (Figure 4) . 
Redox-Sensitive Genes Expression in the Jejunum
The gene expression of SOD1, HMOX1, GPX1, TXNRD1, NRF2, and KEAP1 is summarized in Figure 5 . Diquat injection decreased mRNA abundances of SOD1, HMOX1, GPX1, TXNRD1, and NRF2 in jejunal mucosa of piglets fed the basal diet compared to non-challenged piglets (p < 0.05). However, there were no differences in gene expression of SOD1, HMOX1, GPX1, TXNRD1, and NRF2 in jejunal mucosa between piglets in the 0.15% Trp + diquat group and those in the control group (p > 0.05). In addition, piglets in the 0.15% Trp + diquat group exhibited higher mRNA levels of SOD1, HMOX1, and GPX1 in jejunal mucosa than diquat-treated piglets fed the basal diet (p < 0.05). The protein expression of HO1 and GPx in jejunal mucosa can be found in Figure 6 . Compared with the non-challenged piglets, diquat challenge decreased protein expression of HO1 and GPx in jejunal mucosa of piglets fed the basal diet (p < 0.05). In contrast, there was no difference in the protein level of HO1 and GPx in jejunal mucosa between the non-challenged piglets and the diquat-challenged piglets fed the 0.15% Trp-supplemented diet (p > 0.05). In diquat-treated piglets, Trp supplementation significantly upregulated protein expression of HO1 and GPx in jejunal mucosa (p < 0.05). 
Intestinal Mitochondrial ROS Production and ∆Ψm
In comparison to the non-challenged piglets, the mitochondrial ROS production was enhanced and the ∆Ψm in the jejunum was declined in diquat-treated piglets fed the basal diet (p < 0.05). However, dietary supplementation with 0.15% Trp significantly decreased the mitochondrial ROS production and increased the ∆Ψm in the jejunum of diquat-challenged piglets, as compared to the diquat group (p < 0.05). There were no differences in jejunal mitochondrial ROS production and ∆Ψm between the control group and the 0.15% Trp + diquat group (p > 0.05) (Figure 7 ). Effects of dietary tryptophan supplementation on intestinal mitochondrial reactive oxygen species (ROS) production (A) and intestinal mitochondrial membrane potential change (B) of piglets challenged with diquat. The ROS production and mitochondrial membrane potential were expressed as fold changes, calculated relative to the control group. Data are means ± standard error; n = 8 for each group. Mean values sharing different superscripts within the same row differ significantly (p < 0.05). Control, piglets fed the basal diet without diquat injection; diquat, piglets fed the basal diet and challenged with diquat; 0.15% Trp + diquat, piglets fed the 0.15% supplemented diet and treated with diquat.
Expression of Genes Related to Mitochondrial Biogenesis in the Jejunum
The gene expression of NRF1, TFAM, PPARGC1A, SIRT1, SSBP1, and POLRMT is presented in Figure 8 . The mRNA abundances of NRF1, PPARGC1A, and SSBP1 in the jejunum were decreased in diquat-treated piglets fed the basal diet compared to the non-challenged piglets (p < 0.05). However, there were no differences in the gene expression of NRF1, PPARGC1A, and SSBP1 in the jejunum between diquat-treated piglets fed the 0.15% Trp-supplemented diet and the non-challenged piglets (p > 0.05). Dietary supplementation with 0.15% Trp significantly upregulated the mRNA expression of NRF1, PPARGC1A, and SSBP1 in the jejunum of diquat-treated piglets compared to piglets in the diquat group (p < 0.05). In addition, diquat-challenged piglets fed the 0.15% Trp-supplemented diet exhibited higher mRNA abundance of TFAM in the jejunum than those fed the basal diet (p < 0.05). There was no difference in the gene expression of TFAM in the jejunum between diquat-treated piglets fed either the basal diet or 0.15% Trp supplemented diet and the non-challenged piglets (p > 0.05). 
mtDNA Content in the Jejunum
The mtDNA content in the jejunum was decreased in diquat-treated piglets fed the basal diet compared to saline-treated piglets fed the basal diet (p < 0.05). However, there was no difference in mtDNA content between diquat-treated piglets fed the 0.15% Trp-supplemented diet and non-challenged piglets (p > 0.05) (Figure 8 ).
Discussion
The importance of Trp to control feed intake in pigs is well-documented, the daily feed intake of weaning piglets was reported to be linearly increased as dietary tryptophan level ranging from 0.12% to 0.26% increased, which was associated with enhanced ghrelin secretion in the gastrointestinal tract [30] . A recent study showed that the basal diet, with a dietary Trp level of 0.21% supplemented with 0.2% or 0.4% Trp increased the average feed daily intake and average daily gain of weaning piglets, but a 0.2% Trp-supplemented diet exhibited stronger growth promotion than a 0.4% Trp-supplemented diet [31] . Consistently, in the present study, the addition of 0.15% Trp rather than 0.30% Trp to the basal diet, of which the Trp level is 0.22%, increased feed intake of weaning piglets before diquat challenge, which might be associated with increased ghrelin secretion and less aggressive behavior of piglets [30] . Of note, the National Research Council recommended that the tryptophan requirement for pigs weighing 7-11 kg is 0.22% [21] . It can be concluded that adding a proper dosage of Trp to the recommended level facilitates the ingestion of feed in weaning piglets under normal conditions. Diquat challenge has been shown to induce the decline of average daily gain and average daily feed intake [12, 13] , and dietary supplementation with 0.12% Trp prevented the oxidative stress-induced reduction in growth performance [12] . In the present study, dietary supplementation with 0.15% Trp, rather than 0.30% Trp, protected piglets from diquat challenge-induced reduction in growth performance, suggesting the proper dosage of supplemented Trp is 0.15% for diquat-treated piglets. A previous study showed that the optimal ratio of dietary Trp to Lys ratio was 0.26 for weaning piglets [32] . In the present study, the ratio of dietary Trp to Lys in a 0.15% Trp-supplemented diet was 0.27, which was similar to a meta-analysis indicating that the requirements of Trp to Lys ratio of pigs from 7 to 30 kg were 0.22, 0.22, and 0.20 with average daily gain, average daily feed intake, and feed to gain ratio as response criteria, respectively [33] . In addition, high dietary Trp to Lys ratio or diquat challenge has been shown to decrease the nitrogen utilization as well as reduce the intestinal absorption and whole-body metabolism of other amino acids, resulting in poor growth performance of weaning piglets [12, 34] . The results in this study showed that a 0.15% Trp-supplemented diet rather than a 0.30% Trp-supplemented diet improved the growth performance of piglets exposed to oxidative stress, which might be associated with the more proper dietary Trp to Lys ratio in Trp1 (0.15% Trp supplementation) diet.
The integrated intestinal barrier plays a critical role in preventing pathogens and harmful materials from entering the body through the intestine, and thus is important for the host's health [8, 9] . In the present study, diquat-treated piglets exhibited higher serum DAO activity than non-challenged piglets. DAO, an intracellular enzyme mainly synthesized in the intestinal epithelia of animals, is released into the blood when the intestinal barrier is injured [35] . Therefore, blood DAO activity was used as a circulating biomarker to evaluate the intestinal barrier function [36] . In addition, the intestinal barrier function was also measured by the Ussing chamber technique to detect the TER and paracellular flux of FD4. TER and FD4 are primarily used to study permeation through the paracellular pathway and can reflect the opening of tight junctions [37, 38] . Under stress conditions, weaning stress, or oxidative stress, the intestinal barrier function of piglets was impaired, as evidenced by decreased TER and increased flux of FD4 [10, 13] . In the current study, diquat treatment decreased jejunal TER and increased jejunal flux of FD4. The data from this study, both indirect and direct evidences, indicate that the administration of diquat impaired the intestinal barrier function of piglets. As a nutritionally essential amino acid, Trp has been shown to regulate the expression of tight junction proteins and promote intestinal protein synthesis to enhance the intestinal mucosal barrier in pigs [39] . In agreement with this study, dietary supplementation with 0.15% Trp protected piglets from diquat-induced impaired intestinal mucosa barrier function, as indicated by decreased serum DAO activity, increased jejunal TER, and decreased jejunal FD4 flux. The intestinal barrier is physically composed of epithelial cells connected by tight junction proteins, such as ZOs, claudin families, and occludin, regulating the selective permeability between epithelial cells [40] . The expression of tight junction proteins is important for maintaining the intestinal epithelial barrier [41] . Previous studies showed that oxidative stress downregulated the expression of tight junction proteins [13, 37] . Consistently, in this study, diquat challenge decreased mRNA expression of ZO1, OCLN, and CLDN1 as well as the protein expression of ZO1 and occludin. The family of ZO is a part of the cytoplasmic plaque of the tight junction proteins, and occludin is a unique marker of tight junction integrity found in the epithelial barrier; its presence or absence could reflect the permeability of the intestinal epithelium [24] . The higher jejunal tight junction permeability in diquat-treated piglets might be attributed to the lower expression of ZO1 and occludin, which was proven in a previous study showing that the lower expression of OCLN contributed to the increased intestinal permeability in piglets born with intrauterine growth restriction (IUGR) [42] . Consistent with the improvement of intestinal barrier function, a diet supplemented with 0.15% Trp reserved the decreased abundances of tight junction proteins in the jejunum induced by diquat treatment. An in vitro study involving intestinal porcine epithelial cells demonstrated that dietary Trp enhanced the expression of tight junction proteins [39] . In addition, dietary Trp supplementation has been shown to prevent the reduction in mRNA expression of tight junction proteins in the small intestine of piglets infected by Escherichia coli [43] . Thus, dietary tryptophan supplementation could alleviate the intestinal barrier damage induced by diquat-oxidative stress. Previous studies have demonstrated that microbiota-derived tryptophan metabolites, such as indole, which are ligands for the aryl hydrocarbon receptor (AhR), have a major role in intestinal homeostasis and have been implicated in the pathogenesis of metabolic syndrome and inflammatory bowel disease [31, 44] . Dietary Trp supplementation has been shown to enhance the production of AhR ligands by enriching Trp-metabolizing bacteria in the small intestine of piglets, thereby beneficially affecting mucosal integrity [5, 31] . Given that the abundances of Trp-metabolizing bacteria are reduced by oxidative stress, it can be speculated that dietary Trp supplementation might enhance the intestinal integrity of oxidative stress-challenged piglets by restoring the microbiota composition. However, this hypothesis should be confirmed in future research.
Several studies have shown that the regulatory contribution to the barrier tightness of tight junction proteins can be downregulated by oxidants and enhanced by antioxidants [45] [46] [47] . Dietary Trp supplementation has been demonstrated to increase the production of tryptophan metabolites and elevate the activity tryptophan-metabolizing enzymes, such as tryptophan 2,3-dioxygenase, which exhibited antioxidant activity [12] . To explore whether the beneficial effects of dietary Trp supplementation on intestinal barrier function of diquat-treated piglets is associated with the improved redox status, antioxidant enzymes activity, MDA content, and the expression of redox-sensitive genes in jejunal mucosa were determined. In the present study, diquat challenge decreased the activities of SOD and GPx and increased MDA concentration in the jejunum of piglets fed the basal diet, which was consistent with previous studies [12, 13, 37] . SOD, is the soluble Cu/Zn SOD localized in the intermembrane or cytosol, and has been shown to convert the superoxide into hydrogen peroxide (H 2 O 2 ). GPx is a family of enzymes providing a protective mechanism against oxidative stress by scavenging ROS [48] . The decreased activities of SOD and GPX indicated that the excess of superoxide may happen in the jejunum of diquat-treated piglets. Additionally, MDA, a secondary product of lipid oxidation, has been considered as a maker to monitor lipid peroxidation [49] . The increased MDA content in the jejunum demonstrated that the severe lipid peroxidation may occur in diquat-treated piglets. In line with a previous study on IUGR piglets [42] , the SOD1, HMOX1, GPX1, TXRND1, and NRF2 expression showed a downregulation in diquat-treated piglets. NRF2 has been reported to regulate the levels of endogenous antioxidant enzymes against oxidative stress. It has been shown that HMOX1, an important antioxidant enzyme regulated by NRF2, is crucial in mitigating oxidative stress in intestinal epithelial cells by regulating the ROS levels [49] . In the present study, the protein expression of HO1 is downregulated in the jejunum of diquat-challenged piglets, giving further proof for the compromised antioxidant capacity in the case of oxidative stress. TXNRD1 is an enzyme keeping thioredoxin in a reduced state, during which the produced ROS are cleared [50] . The lower expression of TXNRD1 may also reflect a disturbed antioxidant capacity of diquat-challenged piglets. These results indicated that the diquat treatment induced the disruption of the antioxidant system and imbalanced the redox state in piglets. In the present study, dietary Trp supplementation increased activities of SOD, GPx, and CAT, mRNA expression of SOD1, HMOX1, and GPX1, as well as the protein expression of HO1, while it decreased the MDA content in the jejunum of diquat-treated piglets. In a previous study, Trp was found to increase antioxidant defense enzyme activities in serum and liver and to attenuate diquat-induced oxidative stress [12] , thus corroborating with the results of the present study. Therefore, dietary supplementation with a proper dosage of Trp effectively ameliorated the oxidative stress in the jejunum of the piglets that were challenged with diquat. It has been shown that some tryptophan metabolites, such as 5-hydroxytryptophan and 3-hydroxyanthranilic acid, have an antioxidant capacity [51] . Furthermore, recent studies showed that gut microbiota might be involved in the beneficial effects that tryptophan has on the intestinal function of the host [5, 31] . Hence, in future studies, it would be of great interest to determine the underlying mechanisms through which Trp can improve the redox status of piglets challenged with diquat, and to investigate whether Trp metabolites and gut microbiota are involved in this process.
It has been shown that mitochondria are sensitive to oxidative damage because they lack protective histones, and oxidative stress has been shown to induce mtDNA damage [52] . In the present study, diquat challenge reduced the mtDNA content in the jejunum of piglets, which is in line with the previous study [37] . Several studies have reported that mtDNA damage is associated with increased ROS generation by mitochondria and decreased ∆Ψm of mitochondria. Our data showed that the ROS production in jejunal mitochondria was increased in piglets treated by diquat, which is consistent with previous studies showing that ROS level increased in cardiac or intestinal mitochondria under the condition of oxidative stress [13, 18, 53 ]. An in vitro study confirmed that diquat-induced disruption of the antioxidant enzyme system caused insufficient ROS degradation, resulting in an excess of ROS accumulation in intestinal epithelial cells [54] . In addition, the overproduction of ROS has been shown to trigger the opening of the inner membrane anion channel, resulting in mitochondrial membrane depolarization, which is characterized by decreased ∆Ψm [18] . It is believed that the compromised redox homeostasis is associated with mitochondrial DNA damage and overproduction of mitochondrial ROS. In the present study, dietary Trp supplementation decreased the mitochondrial ROS production and increased mitochondrial ∆Ψm, thereby restoring the mtDNA content in the jejunum of piglets challenged by diquat. According to the antioxidant property of Trp, the possible reason for the lower production of ROS in mitochondria may be that dietary Trp supplementation enhanced the clearance of mitochondrial ROS in piglets challenged by diquat. A previous study demonstrated that the alteration of mtDNA content is in accordance with the changes of expression of transcriptional factors involved in mitochondrial biogenesis [26] . Furthermore, it has been shown that the alteration of ROS production and ∆Ψm of intestinal mitochondria is caused by an abnormal mitochondrial biogenesis process [13] . NRF1 and PPARGC1A, the major regulators of mitochondrial biogenesis, have been shown to be downregulated in the jejunum of piglets exposed to oxidative stress [13] . Another previous study showed that IUGR piglets, when exposed to severe oxidative stress, had a lower expression of NRF1 and PPARGC1A in the jejunum [26] . In line with previous studies, our data showed that diquat challenge downregulated NRF1 and PPARGC1A in the jejunum. In addition, SSBP1, important for mtDNA replication, was shown to downregulate in the jejunum of piglets treated with diquat [13, 26] ; our study revealed similar results. It has been shown that normal mitochondrial biogenesis and function are required for the maintenance of intestinal barrier function [19] . Therefore, it can be speculated that diquat-induced intestinal barrier injury may be attributed to mitochondrial dysfunction. We hypothesized that the protective effect of dietary tryptophan on an intestinal barrier injury induced by diquat was exerted by improving the mitochondrial function. In the present study, dietary supplementation with Trp prevented piglets from diquat-induced mtDNA damage, overproduction of ROS, and compromised mitochondrial biogenesis process. These findings implied that dietary Trp supplementation could enhance mitochondrial biogenesis to attenuate the intestinal barrier injury by oxidative stress.
Collectively, dietary supplementation with a proper dosage of Trp prevented oxidative stress-induced impaired growth performance and intestinal barrier function. The results from this study suggest that dietary Trp supplementation improved intestinal barrier function of diquat-treated piglets by enhancing the activities and mRNA or protein expression of antioxidant enzymes, and ameliorating the mtDNA damage as well as upregulating the transcriptional factors involved in mitochondrial biogenesis.
Conclusions
Diquat treatment induced increased intestinal permeability and compromised redox homeostasis of piglets. Dietary supplementation with 0.15% Trp improved growth performance, enhanced intestinal integrity, restored redox balance, and improved mitochondrial function of diquat-treated piglets.
